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Abstract
We show that the measurement of the Z polarization in the e+e− → tt¯Z process would
allow an interesting determination of the role of the top quark mass. This can be used for
testing the possibility of top compositeness or of the occurence of final state interactions
related to the mass generation in particular the interaction with dark matter.
1 INTRODUCTION
We discuss the features of the Z polarization, more especially the percentage of ZL pro-
duction, in the e+e− → tt¯Z process.
In the standard model (SM), from the equivalence principle [1], it is expected that, at
high pZ , the ZL production rate is equal to the G
0 one. The G0tt coupling being pro-
portional to the top quark mass, a consequence is that the ZL rate at high pZ should be
proportional to m2t . We will first review how its precise value depends on the kinematics
of the e+e− → tt¯Z process.
But the aim of the present study is to see how this ZL rate could be modified by some non
standard effects. A priori it should be related to the way the top quark mass is generated.
Top quark (and Higgs boson) compositeness (see discussions in refs.[2, 3, 4, 5, 6]) could
be one example at the origin of a variable (kinematically dependent) top mass, see [7, 8].
We will show how this would directly reflect in the ZL rate.
Another possibility is the relation between the top quark mass generation and the pres-
ence of dark matter (DM), see [9], [10]. As mentioned in [11] this may imply the existence
of a special interaction between massive particles. In our case the presence of a (ZLt) and
a (ZLt¯) final state interaction would indeed modify the global ZL rate.
We have presently no precise model for computing this type of effect. We will only illus-
trate two phenomenological cases which correspond to strong effects.
Contents: In Section 2 we review the SM prediction for the ZL rate compared to the
G0 rate. In Section 3 we show the effect of an effective mt(s) top quark mass for example
due to top quark compositeness. In Section 4 we show possible effects of final state DM in-
teractions. Concluding remarks and implications for future searches are given in Section 5.
2 Z polarization in SM case
At Born level in SM the e+e− → tt¯Z process is described by the 5 diagrams of Fig.1.
Each diagram (a) to (e) contributes to both transverse and longitudinal Z polarization.
A priori the longitudinal polarization is favored by the pZ
mZ
factor appearing in the Z
polarization 4-vector ǫZ . However, for high pZ , there are typical gauge cancellations which
occur within class of diagrams and which avoid high energy divergences. In agreement
with the equivalence principle, the result is equal (up tom2Z/p
2
Z terms) to the contribution
of similar diagrams where the ZL is replaced by the Goldstone G
0 boson.
The simplest case appears for the sum of the ”Z emission” diagrams (d+e). In this sum,
for high pZ , the ZL contribution cancels and this is in agreement with the vanishing G
0ee
couplings.
The other contributions (a+b+c) have mixed properties. Cancellations appear in the part
of (a+b) which does not depend on the top mass; the remaining mass dependent (a+b)
part and the (c) contribution, which are proportional to mt, agree with the contributions
of the similar diagrams where ZL is replaced by G
0 (whose G0tt couplings are proportional
2
to mt).
These features can be followed by looking at the ZL ratio
RL =
σ(tt¯ZL)
σ(tt¯ZT ) + σ(tt¯ZL)
(1)
whose properties depend on the relative importance of the Z emission (d+e) and of the
annihilation (a+b+c) parts.
This relative importance depends on the tt¯Z kinematics. For example the Z emission
part increases when θZ is close to zero or π due to the behaviour of the electron propa-
gator. At high pZ there is almost exact cancellation of the ZL amplitude; but at low pZ ,
when m2Z terms are not negligible, this cancellation is not complete and ZL contributions
increase.
For central θZ values the annihilation (a+b+c) part dominates. Its mt independent part
leads to ZL cancellation similarly to the above Z emission. But the mt terms (in agree-
ment with the equivalence to the contributions of G0 production diagrams) do not cancel.
This finally gives ZL contributions increasing with pZ (as one expects from G
0 vertices).
In the following illustrations we will consider cross sections integrated over t and t¯
kinematics with cuts avoiding collinear singularities and we will discuss the behaviour of
the corresponding ratio RL.
In Fig.2, for two angular values θZ =
pi
6
, pi
2
, we first compare the behaviour of RL with
the one of the equivalent ratio
RL(G
0) =
σ(tt¯G0)
σ(tt¯ZT ) + σ(tt¯G0)
(2)
We can see, as expected, that RL(G
0) coincides with RL for high pZ . This is especially
true for central θZ values where the annihilation (a+b+c) part dominates. For collinear
values (θZ ≃ 0 or ≃ π) the Z emission (d+e) dominates at low pZ where the G
0 equiva-
lence does not apply because of m2Z terms; consequently large ZL fractions appear in this
domain.
As an additional confirmation about the role of the top quark mass in RL we have
computed this ratio for the e+e− → bb¯Z process and drawn the result in Fig.2 for compar-
ison with the e+e− → tt¯Z case. One sees that indeed RL(b) is much smaller than RL(t)
with the factor m2b/m
2
t at high pZ .
This review of the SM case shows that the measurement of the Z polarization con-
stitutes a very powerful test of the top quark mass effect in the e+e− → tt¯Z process. In
the next section we consider possible new physics effects affecting the top quark mass and
reflecting in the RL behaviour.
3
3 Examples of non standard effects
3.1 Effective top quark mass
A simple example is given by top quark (and possibly Higgs boson) compositeness. In
analogy with the hadronic case its mass may (at least partly) arise from a binding inter-
action. In this case (like in QCD) the effective mass would be scale dependent.
This has been mentioned in [7, 8].
We will now show how this possibility would reflect in the behaviour of the Z polar-
ization rate in the e+e− → tt¯Z process.
In the absence of a precise model, in our illustrations, for simplicity, we will first show
the consequences of a unique effective massmt(s) where s is the total e
+e− energy squared
mt(s) = mt
(m2th +m
2
0)
(s++m20)
(3)
In Fig.3 we can see the reduction of RL generated by the use of mt(s) with m0 = 2 or
4 TeV.
We have also looked at the effect of the use of effective masses mt(x) depending on
specific subenergies x = sZt, sZt¯, stt¯ appearing in each diagram. Similar effects are ob-
tained but obviously numerically depending on the chosen specific binding scale m0.
3.2 Dark matter final state interaction
We now follow the assumption that the masses of the heavy SM particles arise from a
special interaction with DM environment, [10]; for review about DM see for example
[9]. Consequently one may expect non standard interactions between these heavy SM
particles, [11]. They could be detected as final state interactions of heavy SM particles
produced in standard processes.
This can be the case in the present e+e− → tt¯Z process. Final state interactions may
appear between (Zt), (Zt¯) and (tt¯).
As discussed in [11] if such interactions are related to mass generation they could be spe-
cific of the longitudinal gauge bosons (and correspondingly of the Goldstone bosons).
In the present process the ratio RL would be modified by final state processes ZLt→ ZLt,
ZLt¯→ ZLt¯ but not by the tt¯→ tt¯ one (the identification of this interaction could be done
by measurement of the top quark polarization in e+e− → tt¯ discussed in [11]).
We will now make illustrations first by modifying the ZLtt¯ amplitudes by the (1 +
C(sZt))(1 + C(sZt¯)) ”test factor” with
C(x) = 1 +
m2t
m20
ln
−x
(mZ +mt)2
, (4)
4
x = sZt or sZt¯ and m0 = 0.5 TeV, like in [11].
The result can be seen in Fig.4 with the curves (DMZ) compared to the standard SM
ones.
One will also add the possible contribution of the production e+e− → tt¯G0 followed by
final G0t → ZLt and G
0t¯ → ZLt¯ interactions. This increases the effects as shown by
curves (DMZG).
These choices are arbitrary but they show that indeed the measurement of the Z po-
larization, possibly with variable kinematical conditions, could reveal interesting mass
generation properties.
4 CONCLUSION
In this paper we have started by reviewing how in SM the Z polarization depends on the
e+e− → tt¯Z kinematics and, essentially, how the ZL proportion is proportional to the top
quark mass.
We have then considered some examples of non standard effects which may affect this
property. A first example is the case of top quark compositeness where an effective scale
dependent top quark mass would depend on the kinematics and produce a change of the
ZL proportion. We have given illustrations with different values of the binding scale in-
deed showing immediate modifications of the SM prediction.
As a second example we assume that heavy particles (in our case the Z, t, t¯), whose
masses would be generated by the DM environment, get final state interactions after their
standard production. Illustrations with some arbitrary choices of parameters show that
different modifications of the ZL proportion could appear with specific kinematical de-
pendences.
Experimental possibilities should be studied for future e+e− colliders with precise choices
of detection characteristics, collinear cuts, radiative corrections,... . The present physics
expectations at high energy e+e− colliders can for example be found in [12].
Further developments of our study for other colliders are in progress.
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Figure 1: SM Born diagrams for e+e− → tt¯Z.
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Figure 2: ZL ratio in e
+e− → tt¯Z compared to G0 ratio and to the e+e− → bb¯Z case.
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Figure 3: ZL ratio in e
+e− → tt¯Z for 3 cases of mt: SM value and effective values with a
scale at 2 and at 4 TeV.
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Figure 4: ZL ratio in e
+e− → tt¯Z with final DM Zt(t¯)→ Zt(t¯) interaction and in adition
with final G0t(t¯)→ Zt(t¯) interaction.
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